In these microfluidics, flow control has emerged as an important problem for developing more complex systems that enable a flexible manipulation of fluids. Several physical mechanism including piezoelectric elements, pneumatic devices, magnetic devices, centrifugal force, and electrokinetic flow, have been attempted. [1] [2] [3] [4] [5] [6] [7] [8] However, these methods often require additional instruments that occupy the laboratory space, rather than the analytical flow system itself.
One excellent idea may be autonomous flow control using the reversible swelling and shrink properties of stimuli-(temperature-, pH-, or electric fields-) responsive hydrogel. 9 Hydrogel coated around a microscopic rod swells, and thus blocks liquid flow of the micro-channels under some conditions. Under other conditions, it can contract for resuming the liquid flow. However, several seconds are required for working such valves because of the requirement of an interval for a volume change of the hydrogel. Additionally, difficulties lie in the synthesis of the hydrogel at an accurate position with an exact thickness.
In the present study, we explored the feasibility to use the irreversible wetting properties of a polymer-modified glass surface for controlling the liquid flow in micro-channels. For this purpose, a thermoresponsive polymer, poly(Nisopropylacrylamide) [PNIPAAm] , on the surface of capillary glass was used. The conditions for modifying of the polymer materials and the temperature dependence on the wetting properties of PNIPAAm-modified glass surfaces were studied. Reversible switching of the liquid flow was attempted with the use of a capillary flow system that had been branched glass capillary tubes.
Experimental
The capillary glasses used were EM minicaps TM capillary tubes (i.d. 900, 450, 200 µm, EM capillary, Germany) and a UVtransmittable polymer-coated fused silica (i.d. 100 µm, GL Sciences, Tokyo). A glass plate (Matsunami Glass, Kishiwada, S-1112-type boro-silicate slide glass) was employed for contactangle measurements. They were well rinsed with 1 M NaOH before use. N-Isopropylacrylamide (NIPAAm, 98%, Wako Pure Chemical, Tokyo) was recrystallized in a mixuture of diethyl ether and hexane (1:5) . Other reagents used were of analytical grade. The water used was prepared with a Milli-Q Labo reagent water system.
A capillary tube was filled with toluene solution of 10%(v/v) Bind-silane TM (Amersham Pharmacia Biotech, Uppsala, Sweden) for 2 h. The tube was then washed with ethanol and subsequently with water.
Next, an aqueous mixture of NIPAAm, methylene bis(acrylamide) [Bis], ammonium persulfate (APS), and N,N,N′,N′-tetramethylethylenediamine (TEMED) was filled into the capillary. The mixture was prepared under a nitrogen atomosphere just before use. The amounts of the chemicals were 1.13 g (NIPAAm), 75 µg (Bis), 0.05 g (APS), and 0.1 ml (TEMED) for 25 ml of aqueous solution. A reflective IR spectrum of PNIPAAm on a glass plate was measured by a Bio-Rad FTS 175 FT-IR spectrometer.
As a model of a micro-channel having a branched stream, a couple of PNIPAAm-modified capillary glass tubes (i.d. 0.1 mm, length 3.0 cm) were connected, followed by an Inertsil Y capillary column connector (GL Sciences Inc., Tokyo, Japan) setting at the outlet of a 28 cm silicon tube (i.d. 0.5 mm). To the lower side of the respective glass tubes, 47 cm silicone tubes were connected. One of them was introduced to the detection cell holder of a Perkin-Elmer LS50B luminescence spectrometer, where the 27-cm downstream position from the connection was placed at the light path of the excitation beam. An aqueous solution of 10 -5 M fluorescein containing air bubbles was passed through the tube with a syringe pump. A micro-syringe filled with the aqueous solution and that filled with air were set on the pump. The liquid flow was monitored by fluorometrically (excitation 493 nm and emission 510 nm).
The static contact angle of water on the surface of PINIPAAm-modified glass plate was measured with a Kyowa Kaimen (Asaka) CA-D contact angle meter. The glass plate was placed onto a heating sheet (5 × 5 cm), where the temperature (± 2˚C) was controlled by varying the current with a variable resistor. After setting the temperature, a water droplet (10 µl) was put on a dry surface of the plate. The contact angle was observed microscopically.
The measurement of the capillary action was performed by dipping a PNIPAAm-modified capillary glass tube (length 5 cm) into the water that had been thermostated (± 0.5˚C) to the prescribed temperature. After the height of water meniscus reached to the highest position, the extent of elevation of the water meniscus was measured using a ruler under a microscope.
Results and Discussion

PNIPAAm-modification of glass surface
A reflective IR spectrum of PNIPAAm modified on a silica glass surface is shown in Fig. 1 . Apparent peaks at 3330, 2975 and 1651 cm -1 , that can be attributed to stretching of the hydrogen-bonded N-H group, stretching vibration of C-H in the CH3 group, and a very strong and distinctive absorption of C=O group, 10 clearly indicate successful modifications of the glass surface with polymer materials.
The present method is based on the introduction of monomer silane coupling agents, followed by the redox polymerization of NIPAAm accompanying with a cross-linking agent that has been extensively performed in the area of electrophoresis. Thus, it seems to be advantageous to a reported manner in which light-induced polymerization process was used for a surface modification. 11 The extent of the polymer modification was easily controlled by varying the concentrations of NIPAAm and Bis.
In low concentrations the modification was unsatisfactory. In contrast, a bulky gel layer was formed when the concentration of NIPAAm or Bis was higher than the optimums. However, the formation of such a bulky layer caused plugging inside the capillary tube. The optimum concentrations of NIPAAm, Bis, and other reagents are described in the experimental section.
Thermo-responsive wetting properties of a PNIPAAm-modified glass surface
The wetting property of a PNIPAAm-modified glass surface was evaluated by measuring the contact angle of a water droplet and by observing the extent of the capillary action. 11 Below the lower critical solution temperature (LCST, 32 -33˚C) 12-15 the contact angle was ca. 30˚ (at 20 -30˚C), while above the LCST the angle dramatically increased to 70˚ (at 40 -50˚C). For a comparison, the contact angle on an unmodified and Bindsilane-treated glass surface was also measured. However, no apparent temperature-dependent wettability changes were observed in these surfaces. Obviously, PNIPAAm plays an important role for providing thermo-responsive wetting properties onto the glass surface.
The wetting property was also evaluated by observing the extent of the elevation of the water meniscus inside a glass capillary having different inner diameters in a temperature range of 25 -45˚C (Fig. 2) . Water elevation clearly appeared in a capillary tube having a narrow inner diameter (100 and 200 µm), while capillary attraction was only slight in capillaries having wider diameters (450 and 900 µm). In the former case, the elevation was remarkable below the LSCT, while the degree of the capillary action became negligible above the LCST. Below the LCST, hydrogen bonding between water and surfacecoated PNIPAAm caused an adhesive force between the water and the inner wall of the capillary tube. In contrast, above the LSCT, it can be explained that the cohesive force within water is greater than the adhesive force between water and glass wall, because the wall becomes more hydrophobic by a thermoresponsive conformation change of the surface-coated PNIPPAm. However, heating the capillary after water elevation could not reduce the capillary attraction. The inhibition of the water elevation was limitted when the capillary filled with air was put into water.
In a micro-channel, the adhesive force between water and the wall of the channel seems to be an important factor for the smooth flow of aqueous solutions. Indeed, it is reported that the aqueous solution was hardly streamed when untreated polystyrere (contact angle of water: 66 -76˚) 16, 17 or polyestertype resins were used as the materials of a micro-channel, 18 meaning that a narrow wall having low wettability can stem the stream of water. This idea strongly suggests the feasibility of switching the liquid flow using the thermo-responsive wettability change of a PNIPAAm-modified surface. Figure 3 illustrates a fluorescence signal profile that was obtained by making an attempt to produce flow-switching. Firstly, the PNIPPAm-modified capillary tube at the detector side was heated at 50˚C, while another one remained at room temperature (25˚C). The aqueous solution entirely flows toward the opposite side of the capillary being heated, and thus, did not reach to the detector of a fluorescence spectrometer. Next, the heating was switched to another PINIPAAm-modified capillary. The direction of the stream changed to the detector side after the passage of an air bubble in the solution. Here, the air bubble seemed to play an important role for giving occasion to switch the liquid stream. At the point of 1200 s (i.e. 600 s after switching the heating position), fluorescence appeared (Fig. 3) . This interval corresponds to the elution volume of the aqueous solution from the branching to the detection point. These results indicate the potential of using the change in the wettability of a PNIPAAm-modified glass surface for switching liquid flow in narrow (<200 µm) channels. Further studies concerning the conjunction of channels, the flow rate, aeration, and the length of a modification will be important for obtaining high reproducibility in flow control in microfluidics.
